Abstract. We present a new 3D GPS velocity solution for 182 sites for the region encompassing the Western Alps, Pyrenees, and southern France. The velocity field is based on a Precise Point Positioning (PPP) solution, to which we apply a common-mode filter, defined by the 26 longest time series, in order to correct for network-wide biases (reference frame, 10 environmental noise, …). We show that processing options, such as troposphere delay, can lead to systematic velocity variations of 0.1 -0.5 mm/yr affecting both accuracy and precision, especially for short (< 5 yr) time series. A velocity convergence analysis shows that minimum time-series lengths of ~3 years and ~5.5 years are required to reach a velocity stability of 0.5 mm/yr in the horizontal and vertical components, respectively. On average, horizontal residual velocities show a stability of ~0.2 mm/yr in the Western Alps, Pyrenees, and southern France. The only significant horizontal strain 15 rate signal is in the western Pyrenees with up to 4 x 10 -9 yr -1 NNE-SSW extension, whereas no significant strain rates are detected in the Western Alps (< 1 x 10 -9 yr -1 ). In contrast, we identify significant uplift rates up to 2 mm/yr in the Western Alps but not in the Pyrenees (0.1 ± 0.2 mm/yr). A correlation between site elevations and fast uplift rates in the northern part of the Western Alps, in the region of the Wurmian ice cap, suggests that part of this uplift is induced by postglacial rebound.
cadastral purposes and are not always geodetic-quality monuments. We omit two sites of the RENAG network (BURE and JANU) because of numerous interruptions that cause significant nonlinearity to the time series.
For data processing, we use the Precise Point Positioning (PPP) software developed by the Canadian Geodetic Survey of Natural Resources Canada (Héroux and Kouba, 2001 ). This CSRS-PPP version 1.5 software provides GPS float solutions utilizing precise satellite orbits and clocks, satellite and receiver absolute antenna phase center (APC) mapping, tropospheric 5 models (hydrostatic and wet delays, and mapping functions), solid Earth and ocean tide loading, and Earth rotation parameters. For our reference solution, we use IGS final products (Kouba, 2009) for satellite orbits and clocks, Earth rotation models, and phase mapping corrections for both satellite and ground-based antennas. We apply ocean-tide loading corrections based on the FES2004 model (Lyard et al., 2006) . Tropospheric delays are estimated and corrected using Vienna Mapping Functions (VMF1, Boehm et al., 2006) with 10° elevation cutoff angle, zenith delay estimated every 5 10 minutes, and gradients every 6 hours. A priori troposphere parameters are derived from the European Centre for MediumRange Weather Forecasts (http://www.ecmwf.int/).
We tested several processing options in order to estimate their impact on daily coordinates and estimated velocities.
Comparisons with our reference solution show that the choice of tropospheric model has limited impact on final velocities. 15
Using Global Mapping Functions (GMF) instead of VMF1 results in mean differences of 0.2 and less than 0.1 mm/yr in vertical and horizontal velocities, respectively. In contrast, the omission of Earth rotation models can result in significant impact in the PPP processing (Kouba, 2009) . Our test solution without Earth rotation corrections yields horizontal and vertical velocities that vary from the reference solution by 0.3 and 0.5 mm/yr on average. Similarly, the choice of APC mapping models can result in significant velocity variations. We illustrate this point by comparing a solution with the 20 previous IGS model (igs05.atx, associated with IGS05 reference system, Rothacher and Schmid, 2006) with our reference solution that uses the current model (igs08.atx, associated with IGS08 reference system, Rebischung et al., 2012) . North, east, and vertical velocities of these two solutions differ by 0.1, 0.3, and 0.5 mm/yr on average. These tests indicate that the choice of processing parameters can lead to systematic velocity variations of the order of 0.5 mm/yr, affecting primarily short (< 5 yr) time series. Because the impacts of those parameter choices are dependent on the duration of the time series, 25 the associated uncertainties affect both the velocity accuracies (e.g., whole network translations) and precisions (e.g., apparent relative motions between sites) and must be considered for tectonic analysis of GPS data, specially in extremely low deforming areas such as western Europe.
Time series analysis

Time series model 30
Daily position time series are decomposed into a linear term (constant velocity), sine functions with annual and semi-annual periods, and offsets defined by antenna, dome, and receiver changes as well as a visual inspection of the series. For each Solid Earth Discuss., doi:10.5194/se-2016 Discuss., doi:10.5194/se- -78, 2016 Manuscript under review for journal Solid Earth Published: 22 June 2016 c Author(s) 2016. CC-BY 3.0 License. station north, east and vertical components, position time series are inverted using a least-square norm to find the best-fit amplitudes of all model parameters.
Uncertainties in GPS velocities are a function of the uncertainty in the positions, the length of the time series, the number of data points, the presence of steps in the time series, and the noise model (Agnew, 1992; Williams, 2003) . For each station 5 component, we perform a spectral analysis to estimate the spectral index and amplitude of the colored noise in the time series. We then use the formulation of Williams et al. (2003) to calculate the standard error on the north, east, and vertical velocities. Spectral indices α for our analysis range between -0.4 and -1.1, with a mean value α = -0.7, indicating that noise in our PPP time series consists primarily of a combination of white (α = 0) and flicker (α = -1) sources, with a very small random-walk (α = -2) contribution. Mean velocity standard errors are 0.5, 0.4, and 0.7 mm/yr in the north, east, and vertical 10 components, with a direct dependence on time series length (cf. Section 4.1). This noise analysis is consistent with current estimations of noise type in GPS time series analyzed with PPP and double-difference software (e.g., Santamaría-Gómez et al., 2011).
Reference frame 15
Daily positions and velocities calculated from our PPP analysis are in a reference frame defined by the satellite orbits and clocks. For the time period of interest these frames follow the official products of the "IGS Reprocessing 1" (e.g., Collilieux In order to correct for these possible biases, we adopt an empirical approach that consists in removing residual signals common to the whole network. We first calculate a common-mode filter by stacking the residuals of the time series (post time-series model, cf. section 3.1) for a subset of the 26 stations with 10 years or more of data, 80% of data completeness, 25 and a network-wide coverage. This filter is then subtracted from the original time series of all 182 stations to produce filtered series that are re-analyzed. Figure 2 shows the common-mode filter. We perform a statistical analysis to estimate the effectiveness of this method by estimating the amplitude of offsets in the time series forced at the IGS05 -IGS08 and IGS08 -Igb08 transition dates. For the original (non-filtered) data, significant offsets are estimated in all three components (about 1.5 -3 mm on average, Table 1 ). In contrast, the filtered data result in much smaller offsets (0.1 -0.9 mm, Table 1 ) that are 30 not significant compared to their standard deviation. Thus, we consider that our filtered solution is essentially free from Solid Earth Discuss., doi:10.5194/se-2016 Discuss., doi:10.5194/se- -78, 2016 Manuscript under review for journal Solid Earth Published: 22 June 2016 c Author(s) 2016. CC-BY 3.0 License.
reference frame variation problems. This analysis also highlights the importance of the new "Reprocessing 2" analysis currently on going within the IGS.
Velocities calculated after the common-mode filter procedure are aligned with a "network average" reference frame, which is not directly aligned with a specific International Terrestrial Reference Frame (ITRF) realization. Our analysis includes 8 stations of the core IGS network for which official positions and velocities are provided in the latest ITRF2008 (Altamimi et 5 al., 2011) . Time series for these stations range between 11 and 16 year-length, resulting in well-constrained velocities. A comparison of our velocities with those from ITRF2008 is given in Table 2 . The mean differences in the north, east, and vertical components are within their standard errors (0.03 ± 0.10, 0.07 ± 0.17, 0.17 ± 0.30 mm/yr), indicating no significant difference between our solution and ITRF2008 at better than ~0.1 and ~0.2 mm/yr in the horizontal and vertical components, respectively. 10
Precisions and uncertainties on velocities
In order to assess the impact of time-series length on the estimated velocity for our PPP solution, we perform a convergence analysis for each site in which we compare the velocity computed using the full time-series length to velocities computed for a range of time-series lengths of 1 yr and more. We estimate the minimum time required for the time-varying velocities to be similar to the long-term velocities within four thresholds values (1.0, 0.5, 0.2 and 0.1 mm/yr). This analysis is performed by 15 extending the analyzed data by time steps of 2 months, starting from both the beginning (forward) and end (backward) of the series. Figure 3 presents an example for station MTPL of velocity evolution as a function of the time-series length relative to the reference (full length) velocity. For this station, the short-term velocities can deviate from the full-length reference by 1 mm/yr or more for series shorter than 3 -4 years.
The results of this analysis for the 44 stations with data longer than 10 yr are summarized in Figure 4 . Convergence times for 20 the filtered data are systematically shorter (by about 1 -2 yr) compared to the original data, due to the removal of longperiod non-tectonic signals. For example, the minimum time-series lengths required to reach a stability threshold of 0.5 mm/yr in the horizontal components are ~5 years and ~3 years for the original and filtered data, respectively. Similarly, the convergence time decreases from ~6.5 years to ~5.5 years in the vertical component. Convergence times estimated for a 0.1 mm/yr velocity threshold are probably a minimum as about half of the time series used for this estimation have a length 25 approaching the convergence time. Kierulf et al. (2013) performed a similar convergence analysis for ~140 GPS stations in Norway. They estimate convergence times of 3.0, 2.5, and 3.5 years for a velocity convergence threshold of 0.5 mm/yr in the north, east, and vertical components, respectively. These estimations are similar to ours for the horizontal components and shorter by about 2 years for the vertical. This shorter convergence times may be due to (1) a rougher time step (6 months vs. 1 month) that limits their 30 time resolution and (2) inclusion of short (< 10 years) time series in their statistics, which biases the convergence time Solid Earth Discuss., doi:10.5194/se-2016 Discuss., doi:10.5194/se- -78, 2016 Manuscript under review for journal Solid Earth Published: 22 June 2016 c Author(s) 2016. CC-BY 3.0 License.
estimations to shorter values. The effect of double-difference processing, intrinsically less noisy than our PPP solution, may also contribute to shorter convergence times.
Because it removes a significant long-period noise component from the time series, the common-mode filter also has a strong impact on the estimation of velocity standard errors. The velocity uncertainty analysis (section 3.1) performed on filtered data yields spectral indices significantly smaller (mean value α = -0.45 vs. α = -0.7 for the original data) and thus 5 whiter spectra. This effect is illustrated in Figure 5 on the spectra for station MTPL original and filtered data. A direct consequence of these whiter spectra is the reduction by a factor of ~2 of the mean north, east, and vertical velocity standard errors compared to the original data (i.e. 0.2, 0.2, and 0.3 mm/yr vs. 0.5, 0.4, and 0.7 mm/yr for the unfiltered data).
Velocity solution
On the basis of the analyses described above, we present a final GPS velocity field using the filtered data ( Table 3 ). The 10 velocities for 139 stations with time series longer than 5 years, which correspond to an average velocity precision (convergence threshold) of ~0.5 mm/yr or better and 1σ horizontal velocity uncertainties smaller than 0.5 mm/yr, are represented in Figure 6 . We define a regional reference frame by minimizing the velocities of 61 sites over the whole network and with time series longer than 6 years (see Table 3 significant strain rates (< 1 x 10 -9 yr -1 ) in the Western Alps does not agree with campaign GPS results in the Briançon region where east-west extension rates of (16 ± 11) x 10 -9 yr -1 are estimated (Walpersdorf et al., 2015) . This disagreement may be due to the high spatial wavelength of our solution (~100 km or more) whereas campaign data from Walpersdorf et al. (2015) sample a much smaller area (~30 km).
The main feature of the vertical velocities ( Figure the uplift. The drawback of these models is that they consider a 1D-layered lithosphere, which is probably far from the truth given the geological history of the region. An evidence for a more complicated lithosphere is given by the seismicity below Switzerland where the earthquake maximum depth vary from ~30 km in the foreland to ~15 km below the range (Deichmann, 2003) . This suggests a wedge of softer material in the lower crust below the Alps (Chéry et al., 2016) , in some way similar to the Andes of Patagonia where a localized uplift due to glacier mass changes is modeled based on a 5 wedge of softer material in the continental lithosphere (Klemann et al., 2007) . This does not exclude contributions from deep processes for part of the uplift (Fox et al., 2015) or erosion-induced rebound (Champagnac et al., 2007; Genti et al., 2015; Vernant et al., 2013) . A careful and detailed model of the response to the Last Glacial Maximum of the Pyrenees and the Alps will certainly bring valuable new insights on post-orogenic mountain processes.
Conclusion 10
Our new GPS velocity solution based on 182 sites for the region encompassing the Western Alps, the Pyrenees, and southern France leads to 4 main conclusions: 1) These areas can be associated with as a stable region, within a dispersion (WRMS) of ~0.2 mm/yr on the horizontal velocities. However, even with this low dispersion, horizontal velocities, without a regional coherence, can still reach up to 0.7 mm/yr, raising the question of the significance of these velocities: are there local processes explaining these residuals or 15 do they represent a bias in our uncertainty estimates?
2) Significant horizontal strain rates up to 4 x 10 -9 yr -1 of NNE-SSW extension are evidenced in the Western Pyrenees, but none are seen in the Western Alps (i.e. < 1 x 10 -9 yr -1 ).
3) In contrast, significant uplift rates up to 2mm/yr are observed in the Western Alps but not in the Pyrenees where they are close to 0.1 ± 0.2 mm/yr. 20 4) These significant uplift rates are observed in the northern part of the Western Alps. They are correlated to the mean elevation of the region surrounding the GPS sites, but this correlation is not true for the Pyrenees or the southern part of the Western Alps.
The observations of uplift rates, and lack of significant horizontal motion in the northern Western Alps, are correlated with 25 the Wurmian ice cap thickness and tend to suggest that a large part of this uplift is induced by postglacial rebound from the Last Glacial Maximum associated with a wedge of softer material in the continental lithosphere below the Western Alps.
Unfortunately, the GPS network is too sparse to characterize uplift in the Pyrenees, where we see significant horizontal strain rates. With a few more sites in this region we will be able, with a careful comparison between the Pyrenees, the southern and northern regions of the Western Alps, to decipher the role of erosion, glacier mass changes and deep processes in the present 30 day uplift rates of this mountain ranges. Rebischung, P., Schmid, R., Ray, J., 2011. Upcoming switch to IGS08/igs08. atx. IGSMAIL-6354.
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